The interfacial transition from the plane to the cellular structure and the segregation pattern of Al-Cu alloys were investigated by means of a quenching method during unidirectional solidification.
I. Introduction
When the crystal grows from the melt of dilute alloy, the solid-liquid interface alters from planar to cellular, tent in melt which is sufficiently far from the interface).
As the interfacial transition from the planar to the cellular structure has been observed to agreed well with the theoretical anticipation of the constitutional supercooling(1), it has been admitted that the cellular inter- analysis, the interfacial energy is important for the stability of the planar interface. The perturbation to be developed has the special wave length which depends on the freezing condition; because of the balance between the efficiency of the rejection of the solute and the inhibition of the increase of interface energy, it is large when slowly freezes and small when rapidly freezes. Although the perturbation develops in the nearly same condition as the initiation of constitutional supercooling in ordinary freezing, the planar interface moving rapidly is stable under a small amount of constitutional supercooling. A similar analysis to M-S was also reported by Voronkov(11) and Delves(12)(13). Morris and Winegard(14) examined the unidirectional solidification of Pb-Sb alloy. From their observation of a regular distribution of the nodal segregation or the elongated cellular segregatihn-which was probably due to the result of initial perturbation, the planar interface was considered to break down following the M-S theory. Glicksman and Schaefer(15) observed the interfacial transition of succinonitrile from planar to dendritic under an optical microscope. The dendritic or cellular perturbation originated from the crystal imperfection i. e. grain boundaries, subboundaries and interfacial depressions which might be due to the interaction between the interface and the inclusions.
Sato and Ohira(16) observed various segregations formed by the initiation and the development of interfacial perturbation in unidirectionally solidified Al-Cu alloys.
The planar interface was considered to break down at the crystal defects. This was already reported in Japanese(16) and the current report is the revised and completed one.
II.
Experimental Procedure cm in cross section and 15cm long was made from zonerefined Al and electrolytic Cu. The specimen was inserted in the groove of the graphite mold. The atmosphere was flowing argon after making a vacuum of 10-2mmHg. One end of the graphite was cooled by flowing water. The specimen was unidirectionally solidified by moving the furnace or by cooling in the furnace. The cooling curve was obtained by recording the difference between the electromotive force of the Pt-Pt (13%) Rh thermocouple and 6.000mV which was
given by a potentiometer. Two thermocouples (0.5 were inserted into a specimen at a distance of 2cm. The insulator containing SiO2 was avoided as it would spoil the specimen by the reaction of Al and SiO2. When the solid-liquid interface was just between the two thermocouples, the graphite mold (a) and the specimen were brought out from the silica tube and quenched into water. The freezing velocity (V) was calculated by the distance from the thermocouple (c) to the solid-liquid interface on quenching, and the time between freezing of the position of thermocouple (c) and quenching. The temperature gradient (GL) in the liquid at the interface was calculated from the distance from the thermocouple (d) to the solid-liquid interface, and the temperature difference between the thermocouple (d) and melting liquid interface on quenching were taken out from the specimen for microscope observation. Some of these specimens were analyzed by the electron probe microanalyzer at the accelerating voltage of 20kV. The standard samples for microanalysis were zone-refined Al and Al-2.07% Cu alloy which was made from zone-refined Al and electrolytic copper. The line scanning speed was
III. Experimental Results
The interfacial transitions are shown in Fig. 2 and Photos. 4, 5 and 13.
The planar interface became unstable and changed into a cellular interface as the ratio
The transition proceeded macroscopically as follows ( (1) The transition initiated at the bottom of the specimen.
(2) Then, it occurred at the periphery of the specimen.
(3) It proceeded along the central line from the free surface to the bottom in such a manner as to separate the specimen into two parts.
(4) Finally it occurred in the remaining two central zones.
The solid line and the broken line in Fig. 2 show the stage of (2) and (3), respectively. The transition lag was considered to be caused by the nonuniformity of solutes and temperature distribution in the transverse section. This was unfavourable to estimate the diffusion coefficient from the condition of the transition. But, it was rather favourable to estimate the change of the interface in the process of the transition by the observation of segregation. In Photo. 1 which is the transverse section about 1mm behind the solid-liquid interface, the right and left sides are the bottom and central part of the specimen, respectively. So, the transition proceeded toward the right side more than toward the left side (the second stage of the transition in Fig. 4 ). Photo. 2 is the same section as in Photo. 1. The narrow zone in which the transition occurred iss from the free surface to the bottom in the transverse section (the third stage of the transition in Fig. 4 ). It is observed in Photo. 2 that the small sphere of segregation (spot-like segregation) was distributed at random rather than regularly at the initiation of the transition. But gradually these were regularly distributed and changed into elongated cell boundary segregation. This process is also shown in Photo. 3. The longitudinal section cut through the aligned spot-like segregation is shown in Photo. 4. The enclosed liquid made the spot-like segregation. Certainly, the spots of segregation also aligned in the growing direction. These segregation aligned in the growing direction might be called the rosary-like segregation. In Photo. 4 (b), the third protuberance of a large curvature falls behind the others. The rows of the rosary-like segregation decrease in number as they approach the interface. From these observations it is considered that if the solid-liquid interface between the holes (protuberance in Photo. 4) had large curvature, the freezing temperature of these zones would decrease whereby the protuberances would fall behind the others and vanish by the superposed effect of the enrichment of the solute. Photo. 3 Aligned spot-like segregation and elongated cell boundary (transverse section).
The same sample as in Photo. 1.
Photo. 4 Rosary-like segregation (longitudinal section).
The same sample as in Photo. 3. Aligned holes on the interface make the strings of the beads of high copper concentration.
Photo. 5 Elongated cell boundary grooves and rosary-like segregation (longitudinal section). The same sample as in Photo. 3.
Photo. 6 Commet-like segregation (longitudinal section), The same sample a% in Photo. 2.
Photo. 7 Elongated cell (transverse section).
Periodic high concentration regions are seen in elongated cell boundaries which wind a little.
It also appears that the holes distributed at random are a new boundary appeared connecting these parts. Thus the hexagonal cell would be formed. Photo. 9 is the same as in Photo. 8 but at a higher magnification. Two processes might be considered to form new boundaries. One was to be formed by the elongated cell boundary as shown in Photo. 9 (a), and the other started at the center of two elongated boundaries as shown in Photo. 9 (b). There existed the micro-wavy features at the outline of the lowest solute concentration zone. If the outline was the contour of the iso-concentration of solute, it was also the contour of a cell cap. It was hardly probable that the contour of a cell cap had micro-wavy features in a steady state of growth and it might indicate that the cellular interface was fluctuating. Photo. 10 (a) and (b) are transverse sections 1min and 4mm behind the solid-liquid interface and show the hexagonal cells. The cell boundaries in (b) are wider than those in (a), and it is due to the diffusion of copper after the solidification. Photo. 11 (a), (b) are similar to Photo. 10 but the cells do not develop so much. In most cases the cell started from the appearance of isolated holes and was aligned, leading to the formation of elongated cells and then of hexagonal cells. Hexagonal cells seldom developed from the so-called irregular cells as shown in Photo. 11. Photo. 12 (a) and (b) indicate the longitudinal section of the hexagonal cell node, in which the rosary-like segregations are seen. Photo. 12 (c) shows the longitudinal section of the cell wall having no abnormal segregation. The hexagonal cell caps are shown in Photo. 13.
The Analysis by EPMA The result of micro-analysis at and near the grain boundary is shown in Fig. 5 (see Photo. 1). Quantitative analysis of the matrix is less important owing to the low ratio of S/N. The preferred segregation at the grain boundary is evident. The segregation in the commetlike structure is shown in Fig. 6 (see Photo. 6). It is interesting to note that the concentration ratio of A to the Photo. 11 Irregular cell and hexagonal cell (transverse section).
The same sample as in Photo. 10. The cellular breakdown proceeds usually from elongated cell to the hexagonal cell and rarely from the irregular cell.
Photo. 12 The segregation pattern at the hexagonal cell boundary (longitudinal section). there is one strongly segregated spot (B, C, D, E) in the upper part (near the main solid-liquid interface on quenching) of one commet-like segregation. The elongated cell and the hexagonal cell were also analyzed.
IV. Discussion
If eq. (1) held at the beginning of the instability of (1) energy, L: latent heat of fusion). Then, the effect of the curvature can be neglected. So, this difference is due to the disregard of the temperature distribution of the solid (which governs together with surface energy whether or not the interface depresses) in the constitutional supercooling criterion. From the observation of segregation in the solid freezed in the steady or approximately steady state, the transition from the planar to the cellular interface proceeded as follows:
(1) The planar interface was stable and there was no segregation in solid.
(2) The growth rate of the bottom of the grain boundary grooves decreased and the depth of the grooves increased. So, the segregation became remarkable. By the analysis of Tiller(18), the grain boundary segregation occurs at the initiation of constitutional supercooling, if the thermal gradients in solid and liquid are equal. The authors considered, however, that the grain boundary grooves deepened before the constitutional supercooling occurred if the thermal gradient in solid and liquid were equal. It will be described later in details.
(3) The holes appeared at random at the solid-liquid interfaces. This cannot be interpreted by the M-S theory as it predicts the regular distribution of perturbation. The depth of grain boundary grooves is estimated to be the grooves at a grain boundary or a small angle boundary during solidification of a thin Bi film (21)(22). Moreover, the interface may form depressed grooves around the inclusion. Then, for the stability of the planar interface, it is more reasonable to consider the stability of the interface with small pits or grooves than to assume the microscopically planar interface. On this point, the interface shown in Fig. 7 is assumed. The depth of pit is h and the interval of pits is 2 a. The Fig. 7 Schematic representation of the solid-liquid interface with shallow pits and the coordinate system. bottom of the pit is taken as the origin of the X-Z system. The following were assumed: (i) Diffusion in solid is negligible.
(ii) Solute in liquid transfers only by diffusion. The difference in the concentration of the solute in liquid between (0, 0) and (a, h) was determined as follows:
The diffusion equation 
The conservation law at the interface (4) By solving (2) and (3) ( 5) Equation (5) must satisfy the condition (4) at (0, 0) and (a, h) at least. Then, A0, A1, can be determined neglectThen, interface has a curvature to continue from grain boundary to main interface. If undercoolig by the curvature of the interface is balanced by the external thermal field (temperature gradient G), the undercooling at the bottom the grain boundary groove sidered to be the correction value for the undercooling by the defect and is assumed not to depend on the depth of a pit or groove and the freezing condition (which may not be true). Then, interface is stable (almost independent of freezing condition), T0,0-Ta,h is shown in Fig. 8 . The actual temperature with the gradient of G is assumed to depend only on Z. The interaction between T0,0-Ta,h and it is considered as follows. If the actual temperature distribution is (a), the bottom of the pit becomes stable at h* . If it is (c), the temperature to be taken at the bottom of the pit becomes lower than (c) as the depth of the pit increases, that is, the bottom of the pit cannot be stable. It is anticipated that its depth increase suddenly. as in the case of the grain boundary, the interface at the defect is unstable before the condition reaches the condition depends strongly on GS. The above discussion deals with the possibility of whether or not the interface is unstable and not with the interface if it is actually perturbed or not. For its analysis, the decrease or increase in the curvature of the interface for a small increase of the depth of the pit at the surface defect must be considered as is the case with the M-S theory.
The irregularly distributed spot-like segregation as shown in Fig. 1 is considered to be the result of deepening of such defects. (4) The holes at the interface formed in lines. The liquid in the hole was closed near the bottom and solidified. As a result, the rosary-like segregation was formed. Each unit of the rosary was spheroidal or commet-like. The speckled structure in Sn-Ag alloy reported by Davis(24)(25) may be the same as the rosarylike structure. In his observation, the speckled structure was the concentrated sphere aligned in the growing direction and was irregulary distributed in the plane normal to the direction. The concentration profile of the solute which rises at the start has a constant value in the intermediate region and finally rises to a very high concentration. This is a characteristic feature in the solid as solidified on condition that the solute transfers only by diffusion in the liquid and the diffusion in the solid is negligible. The concentration profile of the commet-like structure rises at a to b, keeps approximately constant from b to c and finally rises again at c to B which is shown in Fig. 6 . The concentration ratio of A to G is about 0.15, though the concentration of A is so small that the reliability of analysis is not high. Then, as the feature of the segregation, it was considered to be enclosed with the solid near the bottom of the hole. It is not an ideal pattern, however, because the interface between the enclosed liquid and solid was not planar but might be ellipsoidal, and, the solute boundary layer might not be thin enough as compared with the size of the enclosed liquid. The process of formation of the rosarylike structure or the commet-like structure was considered to be as follows. The condition of solidification is assumed to be critical as shown in (1) and (3) in Fig. 9 . Now, the freezing velocity is assumed to increase a little. Then, the temperature to be taken at the bottom is lower than the critical distribution as in (2) in Fig. 9 . The actual temperature is higher than the displaced distribution (2). So, the bottom of the pit cannot be stable. Then, the freezing velocity of the bottom falls down and the pit deepens. When the bottom is at hc, the freezing temperature of the liquid in the pit is shown with the broken line. As it deepens from b1 to b2, the freezing temperature increases from the one-dotted line to the two-dotted line, because the enrichment of the solute decreases owing to falling behind of the bottom of the Fig. 9 Stability of the liquid in the hole at the small increase of freezing velocity from the critical condition
The liquid in the hole becomes more unstable with increase in depth of the hole. The liquid in the hole becomes more unstable with increase in depth of the hole. pit. Then, as the depth of the pit increases, the instability of the liquid increases and the pipe of the liquid is closed near the bottom. In case the temperature gradient decreases from the critical condition, the process, is the same as that mentioned before (Fig. 10) . Figure 11 is a schematic representation of the process.
(5) Aligned holes formed long grooves (elongated cell boundary) by the effect of the curvature and the enrichment on the solute, and the grooves had also holes at the bottom.
(6) The solute distribution in the liquid of the grooves became non-uniform in the plane normal to the growing direction, which might be the redistribution of the holes at the bottom of the grooves. The concentrated parts of the grooves approached the neighbouring concentrated parts and came off the concentrated .parts of the opposite one (wavy elongated cell). A new boundary appeared between the nearest segregated parts of each adjacent groove and then became the hexagonal cell.
V. Conclusions
Interfacial transition from planar to cellular is investigated with aluminum alloy with a dilute concentration of copper, and the following process was obtained.
(1) The increase in the depth of the grain boundary grooves.
(2) Appearance of holes at random at the interface within the grain.
(3) Alignment of the holes or regular redistribution of the holes.
(4) Formation of the elongated cell boundary.
(5) New boundaries are formed connecting the adjacent elongated cell boundaries, resulting in the occurrence of hexagonal cells. The irregular cell is seldom formed instead of the elongated cell. The holes exist at the bottom of the grooves of the elongated cell boundary and at the node of the hexagonal cell boundary.
